In dentofacial surgery, augmentation procedures employing xenografts have become a reliable treatment. Recent studies, however, have shown significant enhancements of the in vivo bone tissue augmentation using mesenchymal stem cells loaded into bone grafts. We conducted experimental and numerical investigations in flow perfusion systems to determine flow conditions which allow for homogenous stem cell distribution in BioOss Block (Geistlich Pharma AG, Switzerland) xenografts. Pressure gradient-velocity characteristics and flow distributions were investigated experimentally and numerically at steady state flow conditions with Reynolds numbers (Re) ranging from 0.01 ≤ Re ≤ 0.40. Distilled water at 20°C with a dynamic viscosity of 1.002 mPa•s and a density of 998 kg/m 3 was used. The geometry utilized in three-dimensional computational fluid dynamics (CFD) simulation was obtained by means of micro-computed tomography (µCT). Results of CFD analysis are in good accordance with experimental data. The comparison of the pressure gradient-velocity characteristics for experimental and numerical data yields a relative error of 3.6%. According to Darcy's law for creeping fluid flow the experimentally determined permeability is 2.55•10 -9 m 2 . Moreover, numerical flow distribution analysis shows an increasingly heterogenic streamline distribution for increasing Reynolds numbers. Experimentally validated CFD simulations introduced in this study provide a tool to assess optimal flow conditions for a homogenous stem cell distribution in perfusion flow systems.
Introduction
Due to an aging population in the western world, the number of dentofacial bone reconstruction surgeries and thereby the demand for bone graft material increases constantly [1, 2] . However, the amount of available autologous bone graft material is limited and the bone graft harvest procedure entails noticeable donor site morbidity [3, 5] . Hence, alternative bone grafts featuring osteogenic characteristics, comparable to those of autologous bone grafts, are needed. During the last decade, different research groups demonstrated significant enhancements of the in vivo bone tissue augmentation in xenografts when loaded with mesenchymal stem cells [5] [6] [7] . As a consequence, different bioreactor designs such as spinner flasks and perfusion bioreactors were developed to provide an optimal physiological and biomechanical environment to promote cell growth in threedimensional (3D) bone grafts [8] [9] [10] . Nevertheless, inhomogenous stem cells distributions, especially in the center of 3D bone grafts, are still a common problem during cell culturing.
To address this problem, we conducted 3D CFD simulations for the interstitial fluid flow through the pore network of a porous BioOss Block xenograft. The numerical model presented in this paper provides information about the flow field and visualizes the perfusion of the xenograft by means of streamlines.
Materials and methods

Xenograft
A porous BioOss Block (Geistlich Pharma AG, Switzerland) composed of deproteinized and sterilized cancellous bovine bone with the dimension 13.5 mm x 14.5 mm x 24.0 mm was used. Based on data provided by Geistlich Pharma the xenograft features a bimodal pore structure with mean pore diameters of d 1 = 17 nm and d 2 = 1.07•10 5 nm for the microporous surface and the macroporous internal pore network, respectively.
Experimental setup
The developed flow perfusion system (see Figure 1) consists of a fluid reservoir, a pump (Corio CD, Julabo GmbH, Germany), an overflow, a flow rate sensor (LFS-008, Levitronix GmbH, Switzerland), a pressure sensor (ADR0400A02, Aktiv Sensor GmbH, Germany) and a press-fit scaffold holder cartridge ensuring perfusion flow through the BioOss Block. Pressure gradient-velocity characteristics were investigated using distilled water at 20°C for flow rates (Q) ranging from 0.008 ≤ Q ≤ 0.410 l/min (0.01 ≤ Re ≤ 0.40). (2), an adjustable flow resistance (3), a height adjustable fluid reservoir (4), an overflow (5), a flow sensor (6), a pressure sensor (7) and a perfusion chamber with a press-fit scaffold holder and the BioOss Block (8).
The scaffold permeability κ was calculated based on the pressure gradient ∂p/∂x, the dynamic viscosity µ and the volume-averaged velocity using Darcy's law for creeping fluid flow (see eq. 1).
( ) However, Darcy's law is only valid for fluid flows with Reynolds numbers Re < 1 (see eq. 2) [11] .
( ) Where ρ is the density, µ is the dynamic viscosity, l is a characteristic length and u is a characteristic velocity. Due to the highly porous scaffold structure l = d 2 and u = were selected [11] .
CFD simulation
Multiple CFD simulations (ANSYS Fluent, ANSYS Inc., USA) were conducted to simulate fluid flow on the pore-scale level of the explicit 3D scaffold applying the experimentally measured velocities as inlet velocities. The 3D scaffold geometry was obtained by means of micro-computed tomography (Skyscan 1172, Bruker microCT, Belgium) at a resolution of 9.5 µm. In order to minimize computational complexity, the numerical model comprises a cylindrically shaped scaffold segment with a length of l = 0.7 cm and diameter of d = 1.4•l aligned within a pipe with a total length of 61•l (see Figure 2) . Dynamic viscosity and density of 1.002 mPa•s and 998 kg/m 3 for distilled water at 20°C were specified, respectively. Boundary conditions are summarized in Table 1 . 
Results and discussion
The pressure gradient-velocity characteristics resulting from CFD analysis and fluid mechanical experiments are in good accordance and consistently show a linear correlation between the two quantities (see Figure 3) . In addition to the permeability, the porosity, as measure for the void spaces within the internal pore network of the BioOss Block, was determined. The geometric analysis of the 3D µCT data (see Figure 4 ) yielded a porosity of 69%. Streamlines are analyzed to investigate preferred flow directions of the interstitial flow and thereby allow for characterization of the scaffolds perfusion (see Figure 5) . As expected, streamlines are homogenously distributed at the inlet of the scaffold for all simulations. At the outlet of the scaffold, however, the streamlines are scattered. Further examination of the simulation data shows an increase in distribution heterogeneity with increasing volume-averaged velocities. The most homogenous perfusion rate was achieved in the simulation with a volume averaged velocity of = 0.003 m/s, corresponding to a Reynolds number of Re = 0.046. 
Conclusion
The current paper describes methods for the CFD simulation of perfusion flow through the internal pore network of a xenograft. Validity of the numerical simulation was evaluated by fluid mechanical experiments. The comparison of the pressure gradient-velocity characteristics for creeping fluid flows demonstrated good agreement between simulation and experiment. Moreover, streamlines extracted from the simulation data were used to identify preferred flow directions and to compare the distribution of streamlines for varying inlet velocities. Although the streamlines at the outlet of the scaffold were distributed heterogeneously for all simulations, streamline distribution heterogeneity increases with increasing velocities and Reynolds numbers, respectively. Based on the assumption that the numerically investigated streamline distribution is a measure for the distribution of stem cells in an in vitro perfusion system, the least heterogenic cell distribution was achieved for a fluid flow at Re = 0.046.
The presented approach provides detailed information with regard to geometry, pore alignment and preferred flow direction in a BioOss Block xenograft. CFD simulations represent a valuable tool to identify optimal flow conditions for homogenous stem cell distribution in any type of porous xenograft. The analysis of further fluid mechanical quantities like local shear rates and wall shear stresses will allow for the prediction of local cell adhesion properties in future studies [10, 12] . Furthermore, the numerical model should be extended considering multi-phase simulations allowing for more realistic modelling of cell suspension flows.
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